magnetostratigraphy, to a 50-mm-thick hydrogenetic ferromanganese crust (D96-m4) 23 from the northwest Pacific. Submillimeter-scale magnetic stripes originating from 24 approximately oppositely magnetized regions oriented parallel to bedding were clearly 25 recognized on thin sections of the crust using a high-resolution magnetometry technique 26 called scanning SQUID (superconducting quantum interference device) microscopy. By 27 correlating the boundaries of the magnetic stripes with known geomagnetic reversals, we 28 determined an average growth rate of 5.1 ± 0.2 mm/m.y., which is within 16% of that 29 deduced from 10 Be/ 9 Be method (6.0 ± 0.2 mm/m.y.). This is the finest-scale 30 magnetostratigraphic study of a geologic sample to date. Ultrafine-scale 31 magnetostratigraphy using SQUID microscopy is a powerful new chronological tool for 32 estimating ages and growth rates for hydrogenetic ferromanganese crusts. It provides 33 chronological constraints with the accuracy promised by the astronomically calibrated 34 magnetostratigraphic time scale (1-40 k.y.).
INTRODUCTION 36
is part of a currently inactive volcanic arc of Nishi-Shichito Ridge (Tamaki, 1985) . A 92 basalt sampled from close to the location of D96-m4 has an 40 Ar/ 39 Ar plateau age of 9.0 ± 93 0.4 Ma (Ishizuka et al., 2003) . The crust is 50 mm thick, is brownish-black, and in cross 94 section shows densely packed, weakly laminated growth patterns. The matrix consists of 95 vernadite as the major iron-manganese mineral, and minor quartz, plagioclase, smectite, 96 and apatite. The Mn/Fe ratio ranges from 0.78 to 1.01, and it contains <0.2% Cu, Ni, and 97
Co (Joshima and Usui, 1998). 98
A block of ferromanganese crust ( Fig. 1A ; left) was taken next to that studied by 99
Joshima and Usui (1998). Two slabs (length 35 mm, width 5 mm) were cut perpendicular 100 to the growth layers and perpendicular to each other, and polished thin sections of 0.2 101 mm thickness were made for scanning SQUID microscopy (MA1 and MB1 in Fig. 1A ). Measurements of the two thin sections MA1 and MB1 with the SQUID microscope were 113 taken inside a magnetic shield in planar grids with 85 m spacing at a sensor-to-sampledistance (and approximate horizontal spatial resolution) of ~170 m. Measurements were 115 conducted for NRM before and after alternating field (AF) demagnetization at steps of 116 10, 20, 30, and 40 mT, and after giving the sample an ARM (direct current, DC field = 117 100 T, alternating current field = 100 mT). 118
After SQUID microscopy, backscattered electron images (BEI) were obtained 119 with an electron probe microanalyzer (EPMA, JEOL JXA-8900) at electron acceleration, 120 probe current, and pixel sizes of 15 kV, 12 nA, and 2 m, respectively. Compositional 121 images (Si, Al, Ti, Mn, Fe, K, Mg, Ca, and P) were obtained by using the EPMA with a 122 pixel size of 20 m. On selected spots, major elements were examined with an electron 123 probe diameter of 4 m. 124
RESULTS

125
The NRMs of the slices (MC in Fig. 1A ) are stable both for normal ( (Fig. 1F) ; this is considered to be caused by multiple polarity 133 transitions within each specimen, because ARM in the older part is higher than that of the 134 younger part (Fig. 1G ). 135 Figure 2 shows the results of the NRM magnetic field over thin-section MB1 136 imaged with the SQUID microscope together with BEI. Using an intensity scale of ±57 nT, magnetic stripes with downward (blue) and upward (red) orientation can be observed. 138
The magnetic stripes are almost parallel to the growth pattern on the BEI ( From the 24 thin slices used for magnetization measurements, 4 normal and 10 145 reversed-polarity stable magnetization directions were determined. Using these 14 146 directions, a mean direction was determined after inverting the reversed polarity 147 directions of declination 233.7° and inclination 46.7° (with a 95% confidence circle of 148 radius 6.5°). The positive inclination indicates that the ferromanganese crust was growing 149 upward on the upper surface of the rock forming the seamount, although the crust was not 150 oriented due to the sampling by a dredger. 151
After AF demagnetization, ARM was imparted upward perpendicularly to the 152 surface of each thin section. Figure 2F shows that the magnetic field produced by ARM is 153 dominantly upward with some intensity variation. The pattern does not directly 154 correspond to the pattern of magnetic stripes observed for NRM. In Figure 2G rate from magnetostratigraphy is ~16% lower than that from 10 Be/ 9 Be dating. 236
Considering the meandering growth structure (change in tilt of layers along sampling 237 baseline), the errors due to half-life, violation of the constancy of production and 238 preservation of 10 Be, thickness (a few millimeters) of 10 Be analysis, and identification of 239 polarity boundaries, the new dating method with the SQUID microscope shows great 240 promise for absolute chronological control. 241
CONCLUSIONS 242
We have shown that ultrafine-scale magnetostratigraphy using state of the art 243 SQUID microscopy is a promising chronological tool for determining absolute ages and 244 growth rates for the ferromanganese crusts. Approximately oppositely magnetized stripes 245 oriented parallel to bedding were clearly observed on thin sections of a crust and could be 246 
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